in QTd, respectively. Conclusion: VC is a marker of vasculopathy and appears to be associated with cardiac repolarization and arterial stiffness abnormalities in CKD-5 patients.
traditional risk factors and markers of vasculopathy have been indentified in the hope of providing nephrologists with new insights into the pathophysiology of CVD in CKD-5 and, possibly, with the therapeutic target of improving CV survival [1] . In this regard, several lines of evidence have repeatedly suggested that abnormalities in mineral metabolism (i.e. serum levels of calcium, phosphate, parathyroid hormone and vitamin D), vascular calcification (VC) and poor CV outcome might be associated [2] [3] [4] . Hence, a new syndrome called chronic kidney disease mineral bone disorders was defined [5] .
To date, several aspects of the link between mineral metabolism derangements, VC and mortality remain to be elucidated. In vitro experiments provide convincing evidence that calcium and phosphorous can trigger VC deposition and progression [6] [7] [8] [9] . Several cross-sectional studies corroborate the notion that abnormalities in the serum levels of mineral metabolism parameters are associated with both VC and reduced survival [10] [11] [12] [13] . In the light of these data, VC may represent a plausible explanation for the association between bone mineral imbalances and mortality. However, the debate on how VC might predispose to CV mortality is still open.
In a previous paper we reported on an independent association between coronary artery calcification (CAC) and electrocardiogram (ECG) abnormalities (i.e. QT dispersion (QTd)), suggesting that VC may affect cardiac repolarization and may predispose to cardiac arrhythmia [14] [15] [16] . However, to the best of our knowledge, no study has ever looked into these associations prospectively. Herein, we present the results of the impact of CAC progression on QTd and arterial stiffness of large arteries estimated by aortic pulse wave velocity (PWV).
Materials and Methods
Data presented in this paper have been extrapolated from the ongoing INDEPENDENT study database [17] . Briefly, the INDE-PENDENT study is a randomized controlled trial designed to investigate the impact of two different phosphate binder regimes (sevelamer HCl vs. calcium or aluminum salts) on QT interval dispersion and CAC progression. Herein, we present a post hoc analysis aimed at testing in a longitudinal cohort the hypothesis that CAC progression is linked to an increase in arterial stiffness and cardiac repolarization abnormalities.
Inclusion criteria were a history of CKD requiring dialysis for ! 120 days. Exclusion criteria included age 1 75 years, concomitant acute illness or history of cardiac arrhythmia, history of coronary artery bypass, liver dysfunction and hypothyroidism and use of drugs that prolong the QT interval. Enrollment began in September 2007 and continued through July 2009. Written informed consent was obtained from all participants before study-related procedures were performed and after approval from each institutional ethical review board. All the procedures involved in the study were conducted in compliance with the Declaration of Helsinki, Ethical Principles for Medical Research Involving Human Subjects.
The investigators were instructed to control blood pressure ( ^ 130/80 mm Hg), anemia (Hb 1 11 g/dl, TSAT 1 20%), acidosis (HCO 3 between 20 and 24 mmol/l), diabetes (HbA1c ! 7.0%), dyslipidemia (total cholesterol ! 200 mg/dl; LDL cholesterol ! 100 mg/dl; triglycerides ! 180 mg/dl), and the parameters of bone mineral metabolism (serum phosphorous, calcium, and iPTH between 2.5-5.0, 8.0-9.9, and 150-300 pg/ml, respectively) according to current guidelines.
Routine biochemical laboratory measurements were obtained at baseline and at 6-monthly intervals. All blood samples were taken before the midweek dialysis session and after 12 h fasting. Serum parameters of mineral metabolism, electrolytes, inflammation, anemia, liver function and dialysis adequacy were performed by the usual laboratories of the facilities.
CAC score (CACS), PWV and QTd were evaluated at study entry and after 12 months. CACS was assessed by a multislice lightspeed (GE Medical Systems) equipment at one center (Solofra, Italy). A standard imaging protocol was used to acquire a set of ECG-gated tomographic slices from the carina to the diaphragm. A CACS was calculated via the Agatston score as previously described. Two independent readers scored all scans.
QTd was assessed on a 12-channel recorder (Esaote Biomedicals) at a paper speed and gain of 25 mm/s and 10 mm/mV, respectively. To minimize the QT assessment variability, all QT assessments were performed at the same time of the day and read by one single experienced investigator who was blinded to other clinical data. QT was measured as the distance between the beginning of the QRS complex and the end of the T wave. Moreover, each QT interval was also corrected for the heart rate using the Bazett's formula (QTc = QT/RR). The difference between the maximum QTc and the minimum QTc was also calculated and represents the corrected QT interval dispersion (QTcd).
Carotid-femoral PWV was evaluated by applanation tonometry with Pulse Pen (Diatecne, Milan, Italy). Briefly, PWV is the velocity at which the sphygmic wave generated at each heart beat travels along the arterial tree. It is estimated by dividing the distance between the heart and the recording sites by the time interval between the cardiac systole and the pulse upstroke at the recording site (carotid and femoral artery). An estimate of the distance travelled is obtained by measuring the distance on the body surface between the sternal notch and the carotid artery and between the sternal notch and the groin. With the use of a tonometer, the time between the systole and the carotid and femoral upstroke is measured as the time interval between the R wave on the ECG and the upstroke at the carotid and femoral artery.
Statistical Methods
Demographic, clinical and laboratory characteristics were collected at enrollment and compared between patients with and without progression of CACS after a 12-month follow-up. Atherosclerotic disease (ASCVD) was defined if any of the following clinical data was reported in the patient's chart: history of cerebrovascular disease; peripheral vascular disease; angina pectoris; history of myocardial infarction; aortic aneurysm; history of percutaneous coronary angioplasty with or without stenting. Owing to the skewness of the CAC variable, CAC progression was defined de-pending on the baseline CACS as previously described [18] . Briefly, for patients with CACS ! 30 at baseline, true progression was considered present if CACS was 6 30 at study completion. For patients with a baseline CACS 1 30, a relative increase from baseline 6 15%/year was considered evidence of true progression as described in previous publications. In the text, patients with and without signs of true progression were defined as progressors and non-progressors, respectively. Contrariwise, PWV and QTd change are expressed as a relative change from the baseline.
Data are expressed as mean 8 SD unless otherwise specified; t test and other non-parametric tests were used to compare the two treatment groups when appropriate. Spearman's correlation coefficient was used to assess a linear association between changes in CAC and other markers of CVD (i.e. PWV and QTd). All significant variables at univariable analyses were included in the multivariable models. Logistic regression was used to detect factors independently associated with CAC progression (age, history of hypertension, diabetes, ASCVD, C-reactive protein (CRP), LDL cholesterol and sevelamer use were entered in the multivariable model). In addition, linear regression was used to determine factors associated with QT and PWV change (i.e. age, history of hypertension, diabetes, ASCVD, CRP, LDL cholesterol, sevelamer use and CAC progression were entered in the multivariable model). A p value ! 0.05 was considered statistically significant. All analyses were performed with SAS 9.0.
Results
From the original study cohort of the INDEPENDENT study, we identified all subjects who had completed the study follow-up at the time of the analyses were completed. Notably, there were not significant differences between those patients who did and did not complete the study follow-up (data not shown). A total of 152 patients were identified for this study. 16 (10.5%) patients expired and 4 (2.6%) other patients were excluded because of a pacemaker implantation before study completion.
Demographic, clinical and laboratory characteristics of the 132 patients who completed the study follow-up are summarized in tables 1 and 2 . Overall, the study cohort consisted of middle-aged (65.3 8 16.6 years) men and women (64 and 36% of the entire study cohort, respectively). As expected, diabetes (23% of the entire study cohort), arterial hypertension (79.5%), and ASCVD (34%) were the most common comorbidities recorded.
At dialysis entry, 93 (70.4%) patients showed evidence of CAC. Specifically, 35 (26.5%), 14 (10.6%) and 44 (33.3%) ASCVD = Cerebrovascular disease; peripheral vascular disease; angina pectoris; history of myocardial infarction; aortic aneurysm; history of percutaneous coronary angioplasty with or without stenting; SBP = systolic blood pressure; DBP = diastolic blood pressure; CRP = C-reactive protein; CAC = coronary artery calcium score; LDL = low-density lipoprotein cholesterol; PWV = pulse wave velocity; QTc = corrected QT interval; QTd = QT dispersion.
Coronary Artery Calcification Progression
Kidney Blood Press Res 2011;34:180-187 183 exhibited an Agatston CACS of 0-100, 100-400 and 1 400, respectively ( fig. 1 ). True progression of CAC was detected in 81 (61%) patients. As reported in table 1 , progressors were on average older and more likely to be diabetic. They had a greater burden of coronary artery disease and higher levels of serum CRP at baseline. Instead, at study completion, progressors exhibited lower levels of serum albumin and a less favorable mineral metabolism control ( table 2 ). A significantly greater proportion of non-progressors were treated with sevelamer HCl when compared to progressors (73 vs. 18%, p ! 0.001). During the study followup there was no difference in blood pressure, anemia, acidosis, diabetes lipid and mineral metabolism control between progressors and non-progressors (data not shown).
After adjustment for risk factors, CAC progression was independently associated with diabetes (odds ratio (OR) diabetes vs. non-diabetes 1.17; 95% CI 1.13-1.28; p = 0.01), serum LDL cholesterol (OR per 10-mg/dl increase 1.07; 95% CI 1.01-1.12; p = 0.05), serum CRP (OR per 5-mg/dl increase 1.09; 95% CI 1.04-1.18; p = 0.05), use of sevelamer HCl (OR 0.66; 95% CI 0.36-0.81; p ! 0.001) ( table 3 ).
As reported in table 2 , a significant change in CAC burden was associated with changes in arterial stiffness and cardiac repolarization. Despite the fact that there was no difference in PWV and QTcd between groups at baseline, CAC progression was associated with a significantly greater increase in PWV and QTd at study completion ( table 2 ) . A significant increase in arterial stiffness was noted among progressors but not among non-progressors (PWV increased from 8.8 8 1.7 to 11.0 8 2.7 m/s, p ! 0.05, and from 7.5 8 1.9 to 8.7 8 2.0 m/s, p = NS, in progressors and non-progressors, respectively). Similarly, at study completion, QTd was increased among progressors but not among non-progressors (QTd increased from 23 8 9 to 33 8 20 ms, p ! 0.05, and from 24 8 9 to 21 8 11 ms, p = NS, in progressors and non-progressors, respectively). Thus, to further explore the associa- tion between CAC and other markers of CV disease, we plotted the relative change of CAC with changes in PWV and QTd, as shown in figures 2 and 3 , respectively. Indeed, there was a significant moderate linear correlation between CAC and PWV (r = 0.482, p ! 0.0001) and QTd (r = 0.419, p ! 0.001) progression.
Multivariable analyses confirmed the independent associations of CAC progression with changes in PWV and QTd ( tables 4 , 5 ). Specifically, after adjustment for confounders, every 20-unit increase of CAC corresponded to a significant 23% (95% CI 1.12-1.27; p ! 0.001) and 32% (95% CI 1.09-1.37; p ! 0.01) increase in the risk of experiencing a 1-m/s increase in PWV and 1 ms in QTd, respectively. Notably, these results were unchanged when QTc or QTd were modeled (data not shown).
Discussion
The most notable finding of these results is that CAC progression is associated with a progressive deterioration of parameters of arterial stiffness and cardiac repolarization. Previous cross-sectional studies have already documented that VCs are closely associated with arterial stiffness [10, 19] and in a previous paper we found an association between CAC and QTd [14] . However, these analyses add to the existing body of evidence by confirming these associations in a longitudinal study.
It is well recognized that VC represents a stigmata for patients undergoing CKD-5 [20] [21] [22] [23] . Data show that about 60 and 80% of incident and prevalent patients on chronic dialysis have evidence of CAC [21] [22] [23] . CAC is a marker of vasculopathy and portends poor prognosis in the general population as well as in high-risk populations. Matsuoka et al. [12] documented a linear association between the CAC burden and the risk of death in a cohort of 104 chronic hemodialysis patients (adjusted relative death risk 1.001; 95% CI 1.000-1.002; p = 0.0003, per unit increase of CAC) [12] . Similarly, Block et al. [11] concluded that baseline CAC score was a significant and powerful predictor of mortality in a cohort of 127 patients new to dialysis after adjustment for age, race, gender, and diabetes (hazard ratio for CAC 1 400 vs. CAC = 0: 4.5; 95% CI 1.33-15.14; p = 0.016) [11] . However, CAC does not appear to be an accurate marker of coronary artery stenosis and the debate on how VC might predispose to CV mortality is still an open one [24] . Previous publications have indicated that the severity of CAC and calcification of the aorta are strictly connected to PWV in both predialysis and dialysis patients [10, 25, 26] . Decreased arterial compliance is the result of many contributing factors such as change in the collagenelastin ratio, atherosclerotic plaques as well as calcification of the intima or the media layer of the vessel wall. Current results add to the existing body of evidence, by confirming that those patients who experience an increase in CAC are also likely to experience a significant deterioration of the arterial compliance of large conduit arteries. Of note, an increase in PWV has been associated with an excess of morbidity and mortality in the general population and in CKD-5 patients [15, 16] . Blacher et al. [15] documented that aortic stiffness determined by measurement of aortic PWV was linearly associated with allcause and CV mortality in a cohort of 241 CKD-5 patients (adjusted OR per 1-m/s increase in all-cause mortality 1.39; 95% CI 1.19-1.62). Thus, CAC should be regarded as a useful aid in providing a global assessment of the CV risk rather than a surrogate for coronary stenosis [11, 12] .
A few peculiarities of this study deserve mention. Contrary to what was previously documented by Block et al. [11] , we observed that even zero scores at dialysis entry might progress over time. Nonetheless, in keeping with previous evidence, baseline CAC burden proved to be an independent predictor of progression. In fact, the greater the Agatston CAC score at baseline, the higher the likelihood of experiencing a true progression by study completion. This finding may suggest that a patient entering dialysis with no evidence of CAC accrues calcium at a lower speed than a peer with a greater burden of calcification rather than being protected from CAC deposition and progression. In other words, zero scores are less susceptible to vascular deterioration rather than being protected from VCs. As documented by the United States Renal Data System, congestive heart failure and sudden death are the most frequent causes of CV death in CKD-5, followed by acute myocardial infarction, stroke, and peripheral arterial disease (http://www.usrds.org/2006/ref/H_morte_ 06.pdf). Different factors have been investigated to explain the pathogenesis of cardiac arrhythmias that lead to sudden cardiac death in hemodialysis [27] . In particular, coronary artery disease, arterial hypertension, congestive heart failure, autonomic neuropathy and uremic cardiomyopathies might induce a significant cardiac remodeling that affects the number and functionality of cardiac ion channels [27] . Specifically, it has been postulated that patients undergoing hemodialysis might experience a progressive diminution and inhibition of the potassium channels that might lead to a reduction of the 'cardiac repolarization reserve' [27] . Several drugs and the acute changes in levels of serum calcium and potassium that occur during a dialysis section further exacerbate the risk of cardiac arrhythmias as documented by changes in the QT interval on ECG (http://www.qtdrugs.org). It has been suggested that QTd reflects heterogeneity of myocardial repolarization and predicts poor all-cause and CV survival independently on traditional CV risk factors in CKD-5 [27] [28] [29] [30] [31] [32] [33] . In a previous paper we showed an independent association between CAC and QTd, suggesting that subclinical vasculopathy might also be related to cardiac electrical impairments [14] . In this perspective, a couple of studies from the general population deserve mention. Scherer et al. [34] showed, in a large cohort of 848 men and 156 women, a significant association between CAC and ECG abnormalities independent of traditional CV risk factors [34] . In another paper, Edvardsen et al. [35] concluded that CAC is significantly associated with regional left ventricular dysfunction in the corresponding perfusion territory among individuals with no history of heart disease. Notably the current results further corroborate these findings and suggest that patients experiencing progression of the VC burden in the coronaries are at high risk of developing cardiac repolarization abnormalities and, possibly, arrhythmias when compared to peers with stable CAC.
Taken together, these results suggest that coronary calcifications are associated with stiffness of large central arteries and cardiac repolarization defects. Thus, we might speculate that VC predisposes to tissue ischemia and cardiac arrhythmia independently of the presence of an arterial stenosis. Indeed, aortic stiffness that results from VC [19] , predisposes to left ventricular remodeling [26, 36] and low diastolic arterial pressure leading to increase oxygen demand, reduced coronary perfusion and cardiac repolarization abnormalities.
A few limitations have to be taken into account when these results are interpreted. The relatively small sample size and the low reproducibility of the mean QTd limit the generalizability of these findings. Furthermore, although prospective, this is not a randomized trial and potential confounders might have influenced our results. We could not account for the presence of left ventricular hypertrophy that was not assessed in our study cohort. Nonetheless, considering that this is a prospective study and every patient is at the same time case and control, it is unlikely that left ventricular hypertrophy may have biased our results. The high homogeneity of the study cohort and the number of markers of CV disease are, in the authors' opinion, the major strengths of this study. Finally, due to the random selection of this series of patients from the INDEPENDENT study cohort and the lack of clinical difference between this subset of patients and the rest of the INDEPENDENT study cohort (data not shown), it is unlikely that increasing the sample size would affect current results.
In conclusion, this study provides evidence of the close association of functional and morphological vascular disease markers. Patients experiencing CAC progression were at significantly greater risk of experiencing a simultaneous deterioration of markers of arterial compliance and cardiac repolarization. These results indicate that CAC could represent a step in the continuum of events responsible for the CV mortality in CKD-5. Nonetheless, future studies should confirm that preventing or attenuating CAC progression results in a better prognosis among people receiving dialysis.
